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Abstrat
We develop a fully relativisti DWIA model for photonulear reations using the
relativisti mean eld theory for the bound state and the Pauli redution of the sat-
tering state whih is alulated from a relativisti optial potential. Results for the
12
C(γ, p) and 16O(γ, p) dierential ross setions and photon asymmetries are dis-
played in a photon energy range between 60 and 257 MeV, and ompared with nonrel-
ativisti DWIA alulations. The eets of the spinor distortion and of the eetive
momentum approximation for the sattering state are disussed. The sensitivity of the
model to dierent presriptions for the one-body urrent operator is investigated. The
o-shell ambiguities are large in (γ, p) alulations, and even larger in (γ, n) knokout.
PACS numbers: 25.20.D, 24.10.Jv
1 Introdution
The analysis of (γ,N) reations at photon energies above the giant resonane was the objet
of a long debate onerning the mehanism of the reation (see e.g. Ref. [1℄). On the one
hand, the fat that the experimental ross setions for proton emission an be easily tted
with a single partile wave funtion addresses to a diret knokout (DKO) mehanism [2℄.
On the other hand, the transitions with neutron emission, being of the same order of
magnitude as those with proton emission, were onsidered as a lear indiation of a quasi-
deuteron reation mehanism [3, 4, 5℄. A number of orretions were applied to the DKO
model [6, 7℄ in order to explain both (γ, p) and (γ, n) ross setions, but were unable to
give a reasonable explanation of the data.
In reent years, the development of tagged photon failities allowed to perform experi-
ments with high energy resolution and a lear separation of the dierent individual states
of the residual nuleus. A large number of experimental data was produed at the eletron
mirotron aelerator MAMI-A in Mainz and at the MAX-Laboratory in Lund (see e.g.
Refs. [8, 9, 10, 11, 12, 13℄).
For the (γ, p) reation the DKO mehanism represents a large part of the measured
ross setions for the low-lying states and in the photon energy range above the giant
resonane and below the pion prodution threshold. The results, however, are very sensitive
to the theoretial ingredients adopted for bound and sattering states [2, 14℄. Moreover,
various alulations in dierent theoretial approahes indiate that a prominent role is
played by more ompliated proesses, like meson exhange urrents (MEC) and multi-step
proesses due to nulear orrelations [1, 9, 14℄. Nonrelativisti alulations based on the
distorted wave impulse approximation (DWIA) and with onsistent theoretial ingredients
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for bound and sattering states (i.e. overlap funtions, spetrosopi fators and optial
model parameters able to give a good desription of (e, e′p) data) are unable to desribe
(γ, p) data [14, 15, 16℄. A reasonable agreement and a onsistent desription is obtained
when the ontribution of MEC is added to DKO in the (γ, p) reation [16℄. MEC produe
a signiant enhanement of the (γ, p) ross setions alulated with DKO and aet both
the shape and the magnitude of the angular distributions. For the (γ, n) reation, where
the DKO mehanism gives only a small fration of the measured ross setion, MEC and
more ompliated proesses give the dominant ontribution [1, 14, 11℄.
However, the relative importane of the dierent mehanisms on (γ, p) and (γ, n) re-
ations is still not ompletely understood and justies the interest on other eets, like
relativisti orretions, nulear urrent ambiguities and o-shell behavior of the bound
nuleons.
The relativisti approah was rst applied to (γ, p) reations in Ref. [17℄, where also
MEC were onsidered, and in Refs. [18, 19℄ within the framework of DKO. In these models
the wave funtions of the bound and ontinuum nuleons are solutions of a Dira equation
ontaining appropriate salar and vetor potentials tted to the ground state properties
of the nuleus and to proton-nuleus elasti sattering data. The DKO mehanism was
able to reprodue the
16
O(γ, p) ross setion for an inident photon energy of 60 MeV [19℄.
The same approah was then extended to several target nulei and to a muh wider energy
range falling into the ∆-exitation region [20℄. The omparison between these alulations
and data suggests that DKO is the leading ontribution for missing momentum values up
to about 500 MeV/c, while for larger values of the missing momentum an important eet
is expeted from MEC and ∆-exitation.
Other studies within the same theoretial approah disussed the dierenes between
relativisti and nonrelativisti alulations for (γ, p) and (e, e′p) reations [21, 22℄. They
found notieable medium modiations in the interation hamiltonian due to relativisti
potentials, whih suggest that the role of MEC ould be strongly modied with respet to
a nonrelativisti approah. In any ase these relativisti models did not onsider the (γ, n)
reation.
Dierent models based on a fully relativisti DWIA (RDWIA) framework have been
developed in reent years and suessfully applied to the analysis of (e, e′p) data [23, 24℄.
In a reent paper [24℄ we have ompared relativisti and nonrelativisti alulations for
the (e, e′p) knokout reation in order to study relativisti eets for ross setions and
struture funtions and to establish a limit in energy of the validity of a nonrelativisti
approah. In this paper we make a similar omparison for (γ,N) reations. Relativisti
eets are dierent in dierent situations and kinematis. In (γ,N) at intermediate photon
energies the mismath between the momentum transfer and the momentum of the outgoing
nuleon is quite large and larger values of the missing momentum are explored than in usual
(e, e′p) experiments. Thus, dierent eets an be expeted for the two reations. Our aim
is to larify the relationship between the RDWIA and DWIA approahes for (γ, p) and
(γ, n) reations also in omparison with data, and to hek the relevane of the DKO
mehanism in relativisti and nonrelativisti alulations.
The RDWIA treatment is the same as in Ref. [24℄. The relativisti bound state wave
funtions have been generated as solutions of a Dira equation ontaining salar and vetor
potentials obtained in the framework of the relativisti mean eld theory. The eetive
Pauli redution has been adopted for the outgoing nuleon wave funtion. This sheme
appears simpler and is in priniple equivalent to the solution of the Dira equation. The
resulting Shrödinger-like equation is solved for eah partial wave starting from relativisti
optial potentials. In the nonrelativisti alulations, the bound nuleon wave funtion has
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been taken as the normalized upper omponent of the relativisti four-omponent spinor
and the sattering state is the solution of the same Shrödinger equivalent equation of the
relativisti alulation. In order to allow a onsistent analysis of (e, e′p) and (γ, p) reations
in omparison with data, RDWIA and DWIA alulations have been performed with the
same bound state wave funtions and optial potentials used for (e, e′p) in Ref. [24℄. The
same spetrosopi fators obtained in Ref. [24℄ by tting our RDWIA (e, e′p) results to
data have been applied to the alulated (γ,N) ross setions.
Results for
12
C and
16
O target nulei at dierent photon energies have been onsid-
ered for the omparison. The relativisti urrent is written following the most ommonly
used urrent onserving (cc) presriptions for the (e, e′p) reation introdued in Ref. [25℄.
The ambiguities onneted with dierent hoies of the eletromagneti urrent annot
be dismissed. In the (e, e′p) reation the preditions of dierent presriptions are gen-
erally in lose agreement [26℄. Large dierenes an however be found at high missing
momenta [27, 28℄. These dierenes are expeted to inrease in (γ,N) reations, where the
kinematis is deeply o-shell and higher values of the missing momentum are probed.
The formalism is outlined in Se. 2. Relativisti and nonrelativisti alulations of the
12
C(γ, p) and 16O(γ, p) ross setions are ompared in Se. 3, where various relativisti
eets and urrent ambiguities are investigated. In Se. 4 we disuss the role of the DKO
mehanism in the desription of the (γ, n) reation. Some onlusions are drawn in Se. 5.
2 Formalism
The (γ,N) dierential ross setion an be written as
σγ =
2pi2α
Eγ
| p′ | E′frecf11 , (1)
where Eγ is the inident photon energy, E
′
and | p′ | are the energy and the momentum
of the emitted nuleon, and frec is the reoil fator, whih is given by
f−1rec = 1−
E′
Erec
p′ · prec
| p′ |2 , (2)
where Erec and prec are the energy and the momentum of the residual reoiling nuleus.
In the ross setion of Eq. (1) only the transverse response, f11, appears.
If the photon beam is linearly polarized the ross setion beomes
σγ,A = σγ [1 +A cos (2φ)] , (3)
where φ is the angle between the photon polarization and the reation plane, and A is the
photon asymmetry, whih an be expressed as the ratio between the interferene transverse-
transverse and the pure transverse responses
A = −f1−1
f11
. (4)
The struture funtions fλλ′ are dened as bilinear ombinations of the nulear urrent
omponents, i.e.
f11 = 〈Jx (Jx)†〉+ 〈Jy (Jy)†〉 ,
f1−1 = 〈Jy (Jy)†〉 − 〈Jx (Jx)†〉 , (5)
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where 〈. . . 〉 means that average over the initial and sum over the nal states is performed
fullling energy onservation. In our frame of referene the z axis is along q, and the y
axis is parallel to q × p′.
In RDWIA the matrix elements of the nulear urrent operator, i.e.
Jµ =
∫
drΨf (r)jˆ
µ exp {iq · r}Ψi(r) , (6)
are alulated using relativisti wave funtions for initial and nal states.
The hoie of the eletromagneti operator is, to some extent, arbitrary. Here we disuss
the three cc expressions [25, 29, 30℄
jˆµcc1 = GM (Q
2)γµ − κ
2M
F2(Q
2)P
µ
,
jˆµcc2 = F1(Q
2)γµ + i
κ
2M
F2(Q
2)σµνqν , (7)
jˆµcc3 = F1(Q
2)
P
µ
2M
+
i
2M
GM (Q
2)σµνqν ,
where qµ = (q, ω) is the four momentum transfer, Q2 =| q |2 −ω2, Pµ = (E + E′,p+ p′),
κ is the anomalous part of the magneti moment, F1 and F2 are the Dira and Pauli
nuleon form fators, GM = F1 + κF2 is the Sahs nuleon magneti form fator, and
σµν = i/2 [γµ, γν ]. Sine the photon is real, Q2 = 0. In this ase F1 redues to the nuleon
total harge (1 for the proton, and 0 for the neutron), and F2 to 1. Current onservation
is restored by replaing the bound nuleon energy by [25℄
E =
√
| p |2 +M2 =
√
| p′ − q |2 +M2 . (8)
The bound state wave funtion
Ψi =
(
ui
vi
)
, (9)
is given by the Dira-Hartree solution of a relativisti Lagrangian ontaining salar and
vetor potentials.
The ejetile wave funtion Ψf is written in terms of its positive energy omponent Ψf+
following the diret Pauli redution method
Ψf =
(
Ψf+
σ·p′
M+E′+S−V
Ψf+
)
, (10)
where S = S(r) and V = V (r) are the salar and vetor potentials for the nuleon with
energy E′. The upper omponent Ψf+ an be related to a Shrödinger equivalent wave
funtion Φf by the Darwin fator D(r), i.e.
Ψf+ =
√
D(r)Φf , (11)
D(r) =
M + E′ + S − V
M + E′
. (12)
Φf is a two-omponent wave funtion whih is solution of a Shrödinger equation on-
taining equivalent entral and spin-orbit potentials obtained from the salar and vetor
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potentials [22℄. Hene, using the relativisti normalization, the emitted nuleon wave fun-
tion is written as
Ψf = Ψ
†
fγ
0 =
√
M + E′
2E′
[(
1
σ·p′
C
)√
D Φf
]†
γ0
=
√
M + E′
2E′
Φ†f
(√
D
)†(
1 ; σ · p′ 1
C†
)
γ0 , (13)
where
C = C(r) = M +E′ + S(r)− V (r) . (14)
If we substitute Eqs. (9) and (13) into Eq. (6) and hoose one of the urrent onserving
presriptions of Eq. (7), we obtain the relativisti expressions of the nulear urrent
J cc1 =
√
E′ +M
2E′
 dr Φ†f (√D)†
{
GM
[
σvi − i(σ ·∇) 1
C†
σ ui
]
+
κ
2M
F2
[
(2i∇+ q)ui + i(σ ·∇) 1
C†
(2i∇+ q) vi
]}
exp{iq · r} , (15)
J cc2 =
√
E′ +M
2E′
 dr Φ†f (√D)†
{
F1
[
−i(σ ·∇) 1
C†
σ ui + σ vi
]
+ i
κ
2M
F2
[
σ × qui + ω(σ ·∇) 1
C†
σui
− iωσvi + i(σ ·∇) 1
C†
σ × q vi
]}
exp{iq · r} , (16)
J cc3 =
√
E′ +M
2E′
 dr Φ†f (√D)†{
i
2M
F1
[
(−2i∇− q) ui − i (σ ·∇) 1
C†
(2i∇+ q) vi
]
+
i
2M
GM
[
σ × qui + ω(σ ·∇) 1
C†
σui
− iωσvi + i(σ ·∇) 1
C†
σ × qvi
]}
exp{iq · r} , (17)
where the P operator has been replaed by the gradient −2i∇−q, whih operates not only
on the omponents of the Dira spinor but also on exp{iq · r}. It is interesting to notie
that in Eqs. (15) and (17) appear terms whih are proportional to the seond derivative of
the lower omponent of the Dira spinor.
3 The (γ, p) reation
The (γ, p) reation is an interesting proess for testing our RDWIA program and investigat-
ing the dierenes with respet to the DWIA approah. At intermediate photon energies
there is a large dierene between the inoming photon and outgoing nuleon momenta and
missing momentum values higher than in usual (e, e′p) experiments are explored. Thus,
dierent relativisti eets an be expeted in the two reations. Moreover, it an be
interesting to hek the relevane of the DKO mehanism in omparison with data for
orresponding RDWIA and DWIA alulations with onsistent theoretial ingredients for
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bound and sattering states. Previous RDWIA analyses [20℄ suggest that DKO is the lead-
ing ontribution to the (γ, p) ross setion for low values of Eγ and not too large values of
the missing momentum. In ontrast, in nonrelativisti alulations the DKO mehanism
generally underestimates the experimental ross setions and an important ontribution is
given by MEC even at low photon energies. In these investigations, however, RDWIA and
DWIA alulations make generally use of dierent bound state wave funtions and optial
potentials, and (γ, p) results are very sensitive to the theoretial ingredients adopted in the
alulations.
A large amount of experiments were arried out in the past on several target nulei and
over a wide range of photon energies. Here, we have performed alulations for
12
C and
16
O. The bound state wave funtions and optial potentials are the same as in the analysis
of Ref. [24℄, where the RDWIA results are in satisfatory agreement with (e, e′p) data. In
order to allow a onsistent omparison with data, the same spetrosopi fators obtained
by tting our RDWIA (e, e′p) alulations [24℄ to data have been here applied to the (γ, p)
results, that is 0.56 for
12
C and 0.70 for
16
O.
The relativisti bound state wave funtion has been generated using the program ADFX
of Ref. [31℄, where relativisti Hartree-Bogoliubov equations are solved. The model starts
from a Lagrangian density ontaining sigma-, omega-, rho-meson, and photon elds, whose
potentials are obtained by solving self-onsistently Klein-Gordon equations.
The orresponding wave funtion for the nonrelativisti alulation has been taken as
the upper omponent of the relativisti four-omponent spinor, whih is normalized to 1 in
oordinate and spin spae. Presumably, this is not the best hoie for the nonrelativisti
DWIA alulations, but the same ingredients are to be used in order to perform a lear
omparison between the two approahes.
The outgoing nuleon wave funtion is alulated by means of the omplex phenomeno-
logial optial potential of Ref. [32℄, obtained from ts to proton elasti sattering data in
an energy range up to 1040 MeV. The Shrödinger equivalent potentials alulated in the
same way were used in the nonrelativisti program.
Sine no rigorous presription exists for handling o-shell nuleons, it is worthwhile
to study the sensitivity of one nuleon photoemission to dierent hoies of the nulear
urrent.
The nonrelativisti urrent is written as an expansion up to order 1/M2 from a Foldy-
Wouthuysen transformation [33, 34℄ applied to the interation Hamiltonian where the nu-
lear urrent is in the cc2 form of Eq. (7). Thus, the cc2 presription for the relativisti
nulear urrent is more appropriate in the omparison between the relativisti and nonrel-
ativisti models.
3.1 Relativisti and nonrelativisti alulations
In this setion the results of the omparison between our RDWIA and DWIA alulations
are disussed. One has to remember that our nonrelativisti ode ontains some relativisti
orretions in the kinematis and in the nulear urrent through the expansion in 1/M .
This means that the nonrelativisti results annot be obtained from the relativisti program
simply by negleting the lower omponents of the Dira spinor and applying the proper
normalization.
The omparison between the RDWIA and DWIA results is shown in Fig. 1 for the ross
setion of the
16
O(γ, p)15Ng.s. reation. The photon energy range is taken between 60 MeV
and 257 MeV, but the nonrelativisti alulations are not extended above 200 MeV [24℄.
In the onsidered energy range missing momentum values between about 200 and 1000
6
MeV/c are explored.
We see that the dierenes between the nonrelativisti alulations and the relativisti
ones with the cc2 presription are sensible at all energies. The nonrelativisti results are
always smaller than the data [9, 35, 36, 37℄. This eet was already known from previous
nonrelativisti analyses and suggested that MEC must give an important ontribution to
the ross setion. On the ontrary, the relativisti results are generally loser to the data
and well reprodue the magnitude and shape, at least at low energies. This result is in
agreement with similar RDWIA approahes with the cc2 urrent [18, 19, 20℄. For higher
energies, the relativisti results fall below the data and the disrepanies inrease with the
proton angle. This seems to indiate that the DKO mehanism gives the most important
ontribution to the ross setion at lower missing momenta, while more ompliated pro-
esses suh as MEC and ∆-exitations beome more and more important at larger missing
momenta.
In Fig. 2 the photon asymmetries are shown in the same kinematis as in Fig. 1. The
dierenes between DWIA and RDWIA results with cc2 are small at 60 MeV, but rapidly
inrease with the photon energy.
In Fig. 3 the ross setion for the
12
C(γ, p)11Bg.s. reation is presented. The nonrela-
tivisti results are also in this ase smaller than the relativisti ones, but the most apparent
feature is that both results lie above the data [8, 38℄. The fat that RDWIA alulations
with the cc2 urrent overestimate the data by a fator of 2 was already pointed out in
Ref. [20℄. A better desription of data might be obtained with a more areful determina-
tion of the
12
C ground state whih should inlude its intrinsi deformation.
3.2 Current ambiguities
In this setion the sensitivity of (γ, p) alulations to dierent hoies of the nulear urrent
is disussed. In the ase of one proton knokout the expressions for the eletromagneti
nulear urrent of Eq. (7) redue to
jˆµcc1 = γ
µ + κp
(
γµ − P
µ
2M
)
,
jˆµcc2 = γ
µ + i
κp
2M
σµνqν , (18)
jˆµcc3 =
P
µ
2M
+
i
2M
(1 + κp)σ
µνqν ,
where κp = 1.793 is the anomalous part of the proton magneti moment. These expressions
are obviously equivalent for a free nuleon, but give dierent results for an o-shell nuleon.
It is interesting to notie that the nonrelativisti redutions of the three cc forms give
idential results up to order 1/M following the diret Pauli redution sheme in the limit
of no Dira S and V potentials and M +E = 2M . The equivalene of Pauli redution and
Foldy-Wouthuysen transformation up to order 1/M was already pointed out in Refs. [39,
22℄.
The results obtained with dierent urrent operators are displayed and ompared for
16
O in Fig. 1. The dierenes are large. We have already notied that the cc2 results are
in satisfatory agreement with the experimental data at lower energies, but they tend to
fall down with inreasing proton angle and photon energy. RDWIA results are strongly
enhaned if we use cc1 urrent. This is probably due to a too small interferene term whih
does not orretly estimate the onvetive urrent ontained in both γµ and P
µ
/(2M)
terms when the nuleon is o-shell. Also in Ref. [27℄, in an (e, e′p) analysis within the
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framework of the relativisti plane wave impulse approximation, large dierenes are found
between results obtained with the cc2 and cc1 presriptions for high values of the missing
momentum and signiantly higher ross setions are obtained with cc1. The results with
the cc3 urrent in Fig. 1 are more similar to the cc2 ones. At low energy cc3 lies below cc2,
but the dierenes rapidly derease with the energy.
In Fig. 2 a omparison of photon asymmetry alulations in the same kinematis as in
Fig. 1 is shown. The dierenes are sensible already at 60 MeV and tend to inrease with
the energy.
Large ambiguities are found also in the ase of
12
C(γ, p) reation (Fig. 3). Results
obtained with the cc1 urrent are enhaned above the data by an order of magnitude. On
the ontrary, cc3 results are smaller than the data.
3.3 Spinor distortion and Darwin fator
The optial potential enters into the Darwin fator D, whih multiplies the Shrödinger
equivalent eigenfuntion, and into the spinor distortion C, whih is applied only to the lower
omponent of Dira spinor. The distortion of the sattering wave funtion is alulated
through a partial wave expansion and it is always inluded in the alulations. The Darwin
fator gives a redution of the ross setion. On the ontrary, the spinor distortion produes
an enhanement.
The ombined eets of the two orretions are displayed and ompared in Figs. 4 and
5 for the ross setion of the reation
16
O(γ, p)15Ng.s. at Eγ = 60 and 196 MeV. Results
without the Darwin fator and spinor distortion at 60 MeV using either cc1 or cc2 are
redued with respet to the full alulations, while results with cc3 are enhaned for low
sattering angles. These eets derease at 196 MeV, where alulations without potentials
are loser to full alulations.
3.4 Eetive momentum approximation
The EMA presription, whih onsists in evaluating the momentum operator in the nulear
urrent using the asymptoti value of the ejeted nuleon momentum, strongly simplies
the alulations. This approximation was suessfully used in some (e, e′p) alulations,
and, in partiular, in the model of Refs. [29, 30℄ for bound and sattering states. Sine in
our approah the bound state wave funtion is solution of a Dira equation, we investigate
the EMA eets only for the sattering states. We have to notie that in the nulear
urrent the EMA presription aets only the P
µ
term in cc1 and cc3 formulae, while cc2
is unhanged. However, a momentum dependene omes from the Pauli redution of the
sattering wave funtion.
The eets of EMA are displayed and ompared with the full RDWIA results in Figs. 4
and 5 at Eγ = 60 and 196 MeV. At 60 MeV the dierenes are large, but they derease with
the energy and beome muh smaller at 196 MeV. This behavior is pratially independent
of the nulear urrent. This an be understood if we onsider that distortion eets derease
with the energy, so that at high energy DWIA results are more similar to PWIA ones, where
EMA is exat.
4 The (γ, n) reation
In this setion relativisti eets are disussed for the (γ, n) reation. The experimental
angular distributions are similar in magnitude and shape to those obtained for the (γ, p)
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reation. The ratio between the (γ, p) and (γ, n) ross setions is omparable to unity and
suggests a two-body mehanism. In fat, nonrelativisti alulations based on the DKO
mehanism give but a small fration of the measured ross setions.
In order to test the relevane of the DKO ontribution, we have performed RDWIA
and DWIA alulations for the
16
O(γ, n)15Og.s. reation. For neutron knokout the ele-
tromagneti nulear urrent of Eq. (7) redues to the anomalous spin urrent only, i.e.
jˆµcc1 = κn
(
γµ − P
µ
2M
)
,
jˆµcc2 = jˆ
µ
cc3 = i
κn
2M
σµνqν , (19)
where κn = −1.913 is the anomalous part of the neutron magneti moment. Notie that
jˆµcc2 = jˆ
µ
cc3, while for cc1 the spin urrent is written by means of a dierene between the
Dira urrent γµ and the onvetive urrent P
µ
/(2M).
In Fig. 6 relativisti and nonrelativisti results for the
16
O(γ, n)15Og.s. reation are
shown in omparison with data [11, 40, 41℄. The same spetrosopi fator as in the
orresponding (γ, p) reation has been applied to the alulated results.
We see that neither nonrelativisti nor relativisti cc2 (cc3) alulations reprodue the
magnitude of experimental data. This result is not surprising. It onrms what was already
found in previous DWIA alulations and indiates that more ompliated two-body eets
are needed to reprodue the data. Relativisti results are strongly enhaned if we use the
cc1 urrent. This eet is partiularly surprising at Eγ = 150 and 200 MeV, where the cc1
urve ts the data. This result an be attributed to the γµ − Pµ/(2M) operator, whih
does not orretly desribe the spin urrent when the kinematis is deeply o-shell, and,
therefore, is to be onsidered unreliable.
The dierenes between the DWIA and RDWIA results with cc2 are large. They are
redued if we perform nonrelativisti alulations with a nulear urrent expanded up to
order 1/M3 [34℄, but the ontribution of the third order is very large for this reation, and
omparable to the seond order one.
5 Summary and onlusions
In this paper we have presented relativisti and nonrelativisti DWIA alulations for
(γ,N) reations on 12C and 16O, in a photon-energy range between 60 and 257 MeV, in
order to hek the relevane of the DKO mehanism in RDWIA and DWIA models and
investigate relativisti eets.
The transition matrix element of the nulear urrent operator is alulated in RDWIA
using the bound state wave funtions obtained in the framework of the relativisti mean
eld theory, and the diret Pauli redution method with salar and vetor potentials for
the ejetile wave funtions. In order to study the ambiguities in the eletromagneti vertex
due to the o-shellness of the initial nuleon, we have performed alulations using three
urrent onserving expressions. The nonrelativisti DWIA matrix elements are omputed
in a similar way to allow a diret omparison with the relativisti results. In order to allow
a onsistent omparison of (e, e′p) and (γ, p) data, alulations have been performed with
the same bound state wave funtions, spetrosopi fators and optial potentials as in our
reent (e, e′p) analysis of Ref. [24℄.
Nonrelativisti (γ, p) results are always smaller than the data and suggest the idea that
MEC are relevant even at low energies. On the ontrary, RDWIA alulations seem to
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indiate that the DKO mehanism is the leading proess, at least for low photon energies.
These results are in substantial agreement with previous DWIA and RDWIA analyses.
We have disussed the sensitivity of the (γ, p) reation to the dierent hoies of the
nulear urrent. Unlike the ase of the (e, e′p) reation, large ambiguities are generally
found. Results with the cc2 urrent are in satisfatory agreement with the experimental
data at lower energies, but they tend to fall down with inreasing proton angle and photon
energy. On the ontrary, the results with cc1 are strongly enhaned. This result seems due
to a too small interferene term whih overestimates the onvetive urrent when the initial
nuleon is o-shell. The results with cc3 are more similar to the cc2 ones. The dierenes
derease when the energy inreases.
The eet of the salar and vetor potentials in the Pauli redution for the sattering
state has been disussed. These potentials appear in the relativisti treatment and are
absent in the nonrelativisti one. The ombined ontribution of the Darwin fator, whih
redues the ross setion, and of the spinor distortion, whih enhanes the eets of the
lower omponents of the Dira spinor, is important at low Eγ , and dereases at higher
energies.
The validity of EMA in the sattering state of relativisti alulations has been inves-
tigated. The dierenes with respet to the exat result are large at low photon energies,
but rapidly derease and beome small at higher energies.
Relativisti alulations of the (γ, n) ross setions give huge o-shell ambiguities. The
cc2 and cc3 presriptions oinide in the neutron ase, but the enhanement obtained with
cc1 is dramati and brings the RDWIA results above the data at Eγ = 60 MeV and in good
agreement with data at Eγ = 150 and 200 MeV. However, we annot argue that the DKO
mehanism with the cc1 presription orretly desribes (γ, n) ross setions. This result
is due to a dominant o-shell eet on the cc1 urrent operator, whih does not orretly
desribe the modest ontribution from the spin urrent.
Neither norelativisti DWIA nor RDWIA alulations with cc2 reprodue (γ, n) data.
There are sensible dierenes between the results of the two approahes, but in both
ases the experimental ross setions are largely underestimated. This is an indiation of
the dominane of two-body mehanisms in the (γ, n) reation. A areful and onsistent
evaluation of these mehanisms within relativisti and nonrelativisti frameworks for (γ, n)
and (γ, p) reations would be highly desirable and helpful to draw onlusions about the
reation mehanism and to solve the present ambiguities.
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Figure 1: The ross setion for the
16
O(γ, p)15Ng.s. reation as a funtion of the proton
sattering angle for photon energies ranging from 60 to 257 MeV. The data at 60 MeV are
from Ref. [9℄ (blak squares) and from Ref. [35℄ (open irles). The data at 80 and 100
MeV are from Ref. [35℄. The data at 150 MeV are from Ref. [36℄, and those at 196 and
257 MeV are from Ref. [37℄. Results shown orrespond to RDWIA alulations with the
cc2 (solid line), cc1 (dashed line), and cc3 (dotted line) urrent. The dot-dashed line is the
nonrelativisti result.
13
Figure 2: The same as in Fig. 1, but for the photon asymmetry.
14
Figure 3: The ross setion for the
12
C(γ, p)11Bg.s. reation as a funtion of the proton
sattering angle at Eγ = 58.4 and 78.5 MeV. The data are from Ref. [38℄ (blak squares)
and from Ref. [8℄ (open irles). Line onvention as in Fig. 1.
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Figure 4: The ross setion for the
16
O(γ, p)15Ng.s. reation as a funtion of the proton
sattering angle at Eγ = 60 MeV. The data are from Ref. [9℄ (blak squares) and from
Ref. [35℄ (open irles). The solid lines give the RDWIA results, the dotted lines the
alulations without the Darwin fator and spinor distortion, and the dashed lines the
EMA.
16
Figure 5: The same as in Fig. 4, but at Eγ = 196 MeV. The data are from Ref. [37℄.
17
Figure 6: The ross setion for the
16
O(γ, n)15Og.s. reation as a funtion of the neutron
sattering angle for photon energies ranging from 60 to 250 MeV. The data at 60 MeV are
from Ref. [11℄ (blak squares) and from Ref. [40℄ (open irles), and the data at 150, 200,
and 250 MeV are from Ref. [41℄. Line onvention as in Fig. 1.
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